shift during electrical stimulation and the amplitude of evoked field potentials were still subnormal after 6 h [85 ± 25% and 83 ± 25%, respectively (mean ± SD) l . There was a significant correlation between the degree of stim ulated calcium uptake at 6 h postischemia and the extent of CAl damage evaluated 7 days after the ischemic insult (r = 0.849; p < 0.001). The shifts in [Ca 2 +lee were re duced by the NMDA antagonist i. v.) to approximately 50% of the initial level during both control and postischemic conditions (p < 0.01). The non-NMDA antagonist 2 ,3-dihydroxy-6-nitro-7 -sulfamoyl benzo[Flquinoxaline (NBQX) (42 ± 13 mg/kg, i.p.; mean ± SD) decreased the amplitude of the evoked field po tentials (to 30 ± 28% of control, p < 0.05) and completely abolished the evoked shifts in [Ca 2 +lee. In conclusion, the uptake of calcium into CAl pyramidal cells during electrical stimulation was enhanced already 4 h after isch emia in spite of the fact that other measures of excitability were subnormal. This calcium uptake correlated to the extent of CAl pyramidal cell damage and was dependent on both NMDA and non-NMDA receptor activation. Key Words: Calcium-Cerebral ischemia-Postischemia MK-801-NBQX-Hippocampus. (Pulsinelli et aI., 1982; Kirino et aI., 1984) , and hu mans (Petito et aI., 1987) . During the ischemic insult there is an intracellular accumulation of calcium, which has been suggested to be involved in the de velopment of the damage (Siesj6, 1981) , probably by starting a chain of events ultimately leading to neuronal damage 48-72 h later. It has also been ar gued that there is an increased flux of calcium ions during postischemic recovery of neuronal activity (Meldrum et aI., 1982; Simon et aI., 1984; Meldrum et aI., 1985; Siesj6, 1986a; Andine et aI., 1988; Seu bert et aI., 1989; Choi, 1990; Meldrum, 1990) with deleterious intracellular effects (Siesj6, 1986b) . Previ-ously we evoked calcium uptake in CAl pyramidal cells in the rat hippocampus by electrical stimula tion and found this uptake markedly enhanced at 6-8 h (Andine et aI., 1988) and 12 h (Andine et aI., unpublished observations) after transient cerebral ischemia. This would explain the postischemic ac cumulation of calcium in mitochondria (Dux et aI., 1987) and other postsynaptic structures (Van Re empts et aI., 1986) after 24 h, and in whole tissue after 24-48 h (Dienel, 1984; Deshpande et aI., 1987) .
Calcium may enter CAl pyramidal cells through voltage-dependent calcium channels (VDCCs) and! or agonist-operated calcium channels, preferen tially of the N-methyl-D-aspartate (NMDA) type (MacDermott et aI., 1986; Connor et aI., 1988) . Re cent data have shown that ion channels coupled to non-NMDA receptors also have calcium permeabil ity (lino et aI., 1990) . In gerbils, postischemic ad ministration of VDCC blocker (Izumiyama and Kogure, 1988) or NMDA receptor antagonists (Boast et aI., 1988; Gill et aI., 1988; Gill and Woodruff, 1990) offer neuroprotection in the CAL Also in rats, there are reports on neuroprotective effects of postischemic administration of VDCC blockers (Deshpande and Wieloch, 1986; Van Re empts et aI., 1986; Valentino et aI., 1991) and NMDA receptor antagonists (Swan et aI., 1988; Rod and Auer, 1989; Swan and Meldrum, 1990) . However, other studies in both gerbils and rats show only minor or no neuroprotection with VDCC blockers (Vibulsresth et aI., 1987 , Paschen et aI., 1988 or NMDA receptor antagonists (Wieloch et aI., 1988; Nellg a rd and Wieloch, 1992; Buchan et aI., 1991a; Warner et aI., 1991) in the CAL Both VDCCs and NMDA receptor channels re quire depolarization to become permeable to cal cium; this may be achieved by the activation of non NMDA receptors. Most recently, 2,3-dihydroxy-6nitro-7-sulfamoylbenzo[Flquinoxaline (NBQX), an antagonist of non-NMDA receptors, was found to be a strong neuroprotective agent when administered up to 2 h after the ischemic insult in both gerbils (Shear down et al., 1990a) and rats (Diemer et aI., 1990; Buchan et aI., 1991b; NeUg a rd and Wieloch, 1992) .
In this study, we have investigated the role of both NMDA and non-NMDA receptor activation in the postischemic regulation of calcium uptake. We have also followed the extracellular calcium con centration ([Ca 2 + ] ec ) and evoked potentials before and during a 20-min ischemic insult, and for 6 h of postischemic retlow, in the same animal. We corre lated the ischemic changes to the postischemic neu ronal recovery, postischemic uptake of calcium, and the degree of brain damage. Part of this work has been presented previously . 12, No.5, 1992 
MATERIALS AND METHODS

Calcium-sensitive microelectrodes
The procedure for constructing calcium-sensitive mi croelectrodes has been described in detail elsewhere (An dine et aI., 1988) . Briefly, the tip of double-barrelled glass micropipettes was silanized (Borrelli et aI., 1985) and filled with a neutral ionophore for calcium (21048, Fluka AG, Switzerland); 0.1 M CaCI 2 was used as the inner reference solution. The reference barrel contained 0.15 M NaCI. Connection to high input impedance amplifiers was made by use of Ag/AgCI wires as inner reference elec trodes. The [Ca 2 +]e c was obtained by differential record ing between the calcium and the reference barrels, and the slope of calcium electrode responses was 2&-30 mV per decade change of calcium concentration. The refer ence potential (REF) was recorded between the reference barrel and an external ground Agl AgCI-agar electrode placed on the cortical surface.
Experimental procedure
Male Wistar rats (290-370 g; n = 25) were anesthetized with methohexital (Brietal, 60 mg/kg, i.p.), and the ver tebral arteries were permanently occluded by electrocau terization (Pulsinelli and Brierley, 1979) . The animals were fasted overnight and anesthetized the following day with halothane (5% for induction and 0.8% for mainte nance) in 2: 1 N 2 0:0 2 and intubated with polyethylene tubing. The femoral artery and vein were cannulated, and the common carotid arteries were exposed and loops of 4-0 silk ligatures in PE-90 polyethylene tubing were placed around them. The rat was put in a stereotaxic frame, the rectal temperature was controlled at 37 ± 0.5°C, and the temporalis muscle temperature was mon itored throughout the experiment by a probe inserted into the muscle (Fluka, 51 K/J). Two holes were drilled through the cranium and a bipolar stimulating electrode (tip diameter 0.7 mm) was placed in the angular bundle (0.0 mm AP, 4.5 mm lateral and 3-3.5 mm deep to lambda) for stimulation of the perforant pathway (Digi timer Stimulator DS9A; Stimulus Isolator NeuroLog 800, Digitimer, Hertfordshire, U.K.). One or two calcium sensitive microelectrodes were placed into the stratum radiatum (SR) of the CAl region (2.2 mm lateral, 3.8 mm posterior, 2.15-2.2 mm below bregma). Field potentials were obtained by the amplified (x 1.000) signal from the reference barrel compared to an indifferent electrode in the temporalis muscle. Field potential traces were dis played on an oscilloscope (Hitachi, VC-604l ), stored (ETCI20IA IBM PC) and quantified by measuring the amplitude of the evoked potential (Herreras et aI., 1987) .
After obtaining stable recordings of evoked field poten tials (l Hz, 3 rnA), and [Ca 2 +]ec shifts during evoked burst firing (15 Hz, 3 rnA, 30-45 s), ischemia was induced for 20 min by occluding the common carotid arteries and lowering mean arterial pressure to 50-80 mm Hg by with drawal of venous blood. After the ischemic insult, the experiment was continued for 6 h of reflow. Blood pres sure, arterial blood gases, and acid/base balance were followed (Instrumentation Laboratory 1306), and pH was adjusted by intravenous injections of 0.6 M sodium bicar bonate. Before, during and after ischemia, evoked field potentials, evoked [Ca 2 +]e c> and REF shifts were fol lowed. After 6 h of reflow, some rats (n = 5) received 5-methyl-l O, Il-dihydro-5-H-dibenzocyclohepten-5, 10imine maleate (MK-801; 0.5-2 mg/kg; Hoechst AG, Wies-baden) intravenously, and its effects were followed for at least 30 min. After the experiment, the calcium electrodes were withdrawn and recalibrated. The wounds of the rat were closed and the animal extubated. One week later, the rats were perfusion-fixed; with formol saline and fol lowing histological preparation, frontal paraffin sections of the dorsal hippocampus were visualized by hematox ylin-eosin staining. The CAl region of the hippocampus was evaluated for neuronal damage by use of the follow ing scores: 0 = no cell necrosis, I = few dead cells, 2 = necrotic cell groups, 3 = most cells necrotic, 4 = com plete cell necrosis (Hagberg et aI., 1990) .
In addition, MK-80l (n = 2) and NBQX (n = 4) were administered to nonischemic controls. Administration of NBQX was made intraperitoneally with repeated 10 mg/ kg administration until burst firing no longer could be evoked.
Data analysis
For statistical evaluation we used the Spearman rank correlation test, the Wilcoxon signed rank test, or an analysis of variance (ANOVA) followed by Dunnett's correction factor of Student's t-test. All data in text and figures are presented as means ± SD.
RESULTS
Evoked field potentials and burst firing
Single pulses given to the perforant pathway re sulted in field potentials with an amplitude of 0.5-1.5 m V in the SR 50-100 flm below the CA 1 pyra midal cell layer ( Fig. la) . Electrical stimulation at a frequency of 7-12 Hz (standardized to 15 Hz, 3 rnA, for 30-45 s) resulted in spontaneous burst firing of the CAl pyramidal cells, with a negative shift in the extracellular REF (3-10 m V), and a transient de crease in [Ca 2 + ] ee from approximately 1.3 to 1.0-0.7 mM in the SR of control animals (Fig. 2) .
Changes during cerebral ischemia
Induction of ischemia for 20 min resulted in a rapid [Ca 2 + ] ee shift to 0.05 ± 0.03 mM after 3.0 ± 1.1 min (range 1-12 min) in the SR. It was not pos sible to evoke field potentials or burst firing activity during the ischemic period. The [Ca 2 + ] ee returned to initial levels after 6.1 ± 2.8 min (range 2-23 min) of reflow. The total time of anoxic depolarization was 22.1 ± 6.6 min (range 6-42 min). Before isch emia, the rectal temperature was 37 ± 0.5°C and the temporalis muscle temperature 33.4 ± 1.0°C. Dur ing 20 min of ischemia, the rectal temperature was kept constant but the temporalis muscle tempera ture fell to 29.1 ± 1.6°C.
Postischemic events
After 1-2 h of postischemic recovery, it was pos sible to evoke low amplitude field potentials with single pulses (Fig. 1 ) and burst activity with high frequency stimulation. After 2 h, the shifts in REF
Recordings of evoked field potentials (1 Hz, 3 mAl in stratum radiatum of CA1 hippocampus 50 fJ-m below the py ramidal cell body layer, before (a), during (b), and 1-6 h after (c-h) ischemia. The stimulation artifact has been excluded.
Calibration bars equal 0. 5 mY, 10 ms. and [Ca 2 + ] ee during evoked burst firing amounted to 22 ± 35% and 28 ± 50% of the preischemic val ues, respectively (Figs. 2 and 3). With prolonged postischemic reflow, there was a gradual recovery of the evoked field potential response and the REF shift at repetitive stimulation, to levels slightly be low normal after 4-6 h of reflow (Figs. 1-3). In some animals, the duration of the negative shift in REF was increased postischemically (Fig. 2) , which co incided with spontaneous bursts after the stimulus train. However, this did not influence the amplitude of the shift in [Ca 2 + ] ee as the [Ca 2 + ] ee returned to basal level during the stimulatory train. The ampli tude of the evoked [Ca 2 + ] ee shift recovered to initial levels already after 3-4 h of reflow, and reached 161 ± 117%, 211 ± 102% (p < 0.05, ANOVA), and 250 ± 116% (p < 0.01, ANOV A) of initial after 4 h, 5 h, and 6 h, respectively (Figs. 2 and 3 ).
Correlation between [Ca 2+ ]ec shifts and ischemic damage
The duration of the anoxic depolarization during ischemia was related to the degree of postischemic [Ca 2 + ] ee shifts. During ischemia, a period of >17 min of low [Ca 2 + ] ee was required in order to obtain an enhancement of postischemic [Ca 2 + ] ee shifts (Fig. 4) . After 6 h of reflow, the evoked [Ca 2 + ] ee shifts were maximal in animals with anoxic depo larization periods ranging from 18--23 min. At 6 h, the degree of [Ca 2 + ] ee shift in the CAl correlated to the extent of CAl damage evaluated 7 days after ischemia (r = 0.849, p < 0.001; Spearman rank; Fig. 5 ). In contrast, the recovery of the evoked field potentials and evoked REF shifts was incomplete with anoxic depolarizations exceeding 28 min, and the evoked [Ca 2 + ] ee shifts were not enhanced in these experiments (Fig. 4) . Administration of the NMDA receptor antagonist MK-801 (0.5-2.0 mg/kg; n = 5, 9 recordings) atten uated the evoked [Ca 2 + ] ee shifts at 6 h postischemia (Fig. 6) . The [Ca 2 + ] ee shift was reduced to 62 ± 36% after 5 min (p < 0.05, ANOV A), to 52 ± 33% after 15 min (p < 0.01, ANOV A), and to 58 ± 39% of control after 30 min (p < 0.05, ANOVA). MK-801 reduced the evoked field potentials (by approxi mately 30%) in 2 of 5 animals, and left them unaf fected in 3 of 5 (not statistically significant). The In four nonischemic controls, the non-NMDA re ceptor antagonist NBQX was administered in doses of 10 mg/kg, i.p., repeated if necessary after 10-20 min. A maximal reduction of the amplitude of the evoked field potential (to 30 ± 28% of control, p < 0.05, ANOV A) was seen at a total dose of 30 ± 10 mg/kg ( Fig. 7; lower panel) . The stimulatory train, 18-23 24-27 28-30 >30
Duration of anoxic depolarization (min)
needed to elicit burst firing, had to be prolonged (from 20-45 sec to around 1 min) when NBQX was administered in doses> 10 mg/kg. In 2 of 4 animals, the initial dose of 10 mg/kg caused a total block of burst firing and [Ca 2 + l ee shifts for 5-10 min, but thereafter responses were normalized ( Fig. 7 ; upper panel, second recording). Finally, electrical stimu lation failed to elicit any [Ca 2 + l ee or REF shifts at NBQX dosages of 20, 30, 40, and 80 mg/kg (mean ± SD: 42 ± 13 mg/kg) in the four animals, respectively (Fig. 7) . The effect of NBQX persisted for the rest of the recording time (one rat was followed for 2.5 h after the last injection).
DISCUSSION
The intracellular calcium concentration in CAl hippocampal neurons is very difficult to monitor in vivo by means of microelectrodes (Krnjevic et aI., 1986) , and fluorescence techniques can not be used in deep brain structures. We have recorded extra cellular calcium transients as a measure of neuronal calcium uptake. Both during ischemia (Hansen, 1985; Uematsu et aI., 1988; Mitani et aI., 1990b) and during burst firing (Krnjevic et aI., 1980; Krnjevic et aI., 1986 , Kudo et aI., 1987 , the decrease in J Cereb Blood Flow Metab, Vol. 12, No.5, 1992 [Ca 2 + ] ec is paralleled by an increase in the intracel lular calcium concentration. Several data support the idea that calcium fluxes from the extracellular space are important in ischemic brain damage. In addition to the neuroprotection seen with different agents that reduce calcium uptake from the extra cellular space (see introductory paragraphs), lesion ing of the glutamatergic afferents to the CAl hippo campus inhibits the decrease in [Ca 2 + ] ec during ischemia and prevents the damage (Benveniste et aI., 1988) . Also, postischemic deafferentation pro tects the CAl (Johansen et aI., 1987) .
The use of a burst firing model to study calcium regulation in the hippocampus in vivo is based on four important facts. First, the decrease in [Ca 2 + ] ec 
during burst firing reflects mainly postsynaptic up take of calcium into neuronal elements (Jones and Heinemann, 1987) . Second, burst firing occurs within the physiological range of neuronal firing fre-quency in the CAl (Suzuki et al., 1983; Mitani et al., 1990a) , the only artificial component being that a large portion of neurons are simultaneously acti vated in order to get a detectable shift in the [Ca 2 + ] ee signal. Third, although high-frequency stimulation for long periods may result in neuronal degeneration (Sloviter, 1983) , this is not the case in our experimental set-up (Andine et aI., 1988) . Fourth, the evoked [Ca 2 + ] ee shifts were enhanced already after 3-4 h postischemically at a point when the perforant pathway had been activated no more than 5-6 times. Therefore, it is unlikely that the enhancements of the [Ca 2 + ] ee shifts were due to a kindling effect (cf. Heinemann et aI., 1990) . In ad dition, long-term potentiation is not induced in this model, as repeated induction of burst firing over 2 h does not cause any enhanced evoked field poten tials in control animals.
Our results confirm a previous study (Andine et al., 1988) with regard to the fact that postischemic calcium uptake is considerably enhanced in the den dritic region 6 h after the ischemic insult. This en hancement is also present after 12 h of reflow but not after 24 h (Andine et al., unpublished observa tions) . Thus, both by comparing postischemic ani mals to a separate control group (Andine et aI., 1988) , or by comparing each animal pre-and post ischemia (the present study), a 2-3-fold increase in calcium uptake is present 6 h after ischemia. This is not likely to be caused by a decrease in the extra cellular volume fraction, as no residual dendritic edema is present after 3-48 h of reflow (Kirino, 1982; Johansen et aI., 1983; Desphande et aI., 1992) .
The evoked field potential, which represents mainly activation of non-NMDA receptors (Neu man et aI., 1988b; Andreasen et aI., 1989; Jensen et aI., 1991) , recovered after ischemia but was not en hanced at the time of enhanced calcium uptake. Nor was the negative REF shift, a crude measure of the number of spikes initiated (Krnjevic et aI., 1982) , affected during evoked burst firing. Therefore, it is not likely that the postischemic enhancement of cal cium uptake was caused by a more massive depo larization upon excitation, which could lead to a larger influx of calcium ions, both through VDCCs and NMDA receptor-operated channels by reliev ing the magnesium block (Nowak et aI., 1984) . The ischemic insult thus turned the CAl pyramidal cells hyperresponsive only with regard to calcium up take. One possible explanation for this may be de polarization of the membrane potential. The post ischemic membrane potential has not been studied in vivo; however, there are two conflicting reports from the in vitro hippocampal slice preparation. The membrane potential of CA 1 neurons was un changed 1 h and 24 h after ischemia in a study by Jensen and coworkers (1991) . In contrast, Kirino and coworkers (1992) reported an unstable and slightly depolarized membrane potential of post- Vol. 12, No.5, 1992 ischemic CAl pyramidal neurons. Activation of the pyramidal cell at a depolarized membrane potential may cause a larger calcium influx through VDCCs and NMDA channels, although the delta shift in the membrane potential remains unaltered. Several fac tors could lower the membrane potential and/or po tentiate calcium uptake: The normal or increased neuronal activity postischemically (Suzuki et al., 1983; Buzsaki et aI., 1989; Chang et al., 1989; Urban et al., 1989; Andine et aI., 1991a; Jensen et al., 1991) seems to be accompanied by an abnormal compo sition of the extracellular fluid with enhanced levels of the excitatory amino acids aspartate and cysteine sulfinate (Andine et aI., 1991a,b) . This may depo larize the membrane, although the -y-aminobutyric acid (GABA) inhibitory system is intact (Johansen et aI., 1991) . There may also be disturbances in the regulation of NMDA receptors related to (e.g.) gly cine (Johnson and Ascher, 1987; Globus et al., 1991 ; however see Phillis et al., 1991) , magnesium (Nowak et aI., 1984; Tsuda et al., 1991) , zinc (Peters et aI., 1987) , or polyamines (Paschen et aI., 1987) . There is a down-regulation of adenosine Al recep tors after anoxia (Lee et aI., 1986) , and a loss of adenosine inhibition postischemically (Andine, 1992) would increase calcium uptake due to less hyperpolarization (Schubert, 1988) .
Heinemann and coworkers have studied evoked calcium uptake in the hippocampal slice preparation (for review see Heinemann et aI., 1990) . They re ported that glutamate, aspartate, NMDA, and quis qualate (by depolarizing) can induce calcium up take. They also found that calcium uptake during electrical stimulation is reduced by �50% by VDCC blockers (Jones and Heinemann, 1987) , whereas NMDA antagonists had a small effect (K6hr and Heinemann, 1989) . Thus, NMDA-dependent cal cium uptake appears to be less important in vitro compared to our findings in vivo. This discrepancy could be related to the fact that the extracellular composition (Mg 2 + , Ca 2 + , Zn 2 + , K + , glycine) and kinetics may be different in vivo, which may en hance the NMDA-dependent component. Specula tively, during high-frequency stimulation, the con centration of agonist at NMDA receptor sites lo cated extrasynaptically may be lower in vitro due to leakage to the bath.
In the present study, we found a close correlation between the extent of the evoked [Ca 2 + ] ee shifts at 6 h after ischemia and pyramidal cell damage after 7 days in animals with anoxic depolarizations of a duration <30 min. If the duration of the anoxic de polarization was less than 17 min, calcium uptake was normal after 6 h of reflow, and animals dis played no or slight CAl damage. An anoxic depo-larization of 18-27 min resulted in an enhanced postischemic calcium uptake and moderate to se vere CAl damage. With further prolongation of the anoxic depolarization, the neuronal recovery was poor and no enhanced postischemic calcium uptake was seen, but the CAl damage was still severe. Thus, delayed neuronal damage involving calcium uptake during postischemic neuronal activity is likely to occur only if the ischemic insult is of mod erate severity. In our hands, 20 min of vessel occlusion resulted in a mean anoxic depolarization time of 22 min, which was within the optimal dura tion of 18-23 min for observing the enhancement of postischemic calcium uptake.
The noncompetitive NMDA receptor antagonist MK-801 (Wong et aI., 1986) was able to reduce the postischemic calcium uptake by approximately 50%, which may explain its neuroprotective effect in some studies (Gill et aI., 1988; Rod and Auer, 1989; Gill and Woodruff, 1990; Swan and Meldrum, 1990) . However, administration of the competitive non-NMDA receptor antagonist NBQX (Shear down et aI., 1990a) was able totally to block evoked calcium uptake due to a partial synaptic blockade, in the same dosages as it has been reported to offer powerful neuroprotection Sheardown et al., 1990a, b) . The attenuation of the evoked field potentials and the extinction of bursts is in agreement with previous studies (Neuman et aI., 1988a,b; Sheardown et aI., 1990b) . Regardless of whether calcium ions enter the neuron via NMDA receptor-operated calcium channels, VDCCs, or even through non-NMDA receptor op erated channels (Iino et aI., 1990) , this entry seems to be fully dependent on non-NMDA receptor acti vation.
The postischemic evoked calcium uptake was en hanced already after 4 h of reflow. In our model, the critical postischemic period thus would be after 4-12 h of reflow. However, excitatory amino acid antagonists and VDCC blockers must be adminis tered no later than 1-2 h after the ischemic insult (Rod and Auer, 1989; Diemer et aI., 1990; Swan and Meldrum, 1990; Valentino et aI., 1991) in order to offer neuroprotection. This discrepancy may be due to the fact that in these studies, the drugs were not present in concentrations high enough to reduce calcium uptake during 4-12 h after ischemia. Alter natively, the neuronal activity present at 1-3 h may be sufficient to cause an enhanced neuronal calcium uptake at specific sites even though we are not able to detect such microevents.
In conclusion, transient forebrain ischemia in the rat resulted in a postischemic period with enhanced calcium uptake in the dendritic region of the CAl hippocampus. During this period, there were no in creased depolarization shifts to which the enhanced calcium uptake could be attributed. The calcium up take was induced through activation of both NMDA and non-NMDA receptors. The degree of enhanced postischemic calcium uptake correlated signifi cantly to the degree of neuronal damage.
